We have studied the refining effects of refining agents and ultraviolet transmitting property of soda lime glass, for the purpose of developing ultraviolet transmitting glass with soda lime glass composition which is one of an inexpensive glasses. It was found that for glass that requires ultraviolet transmitting property, antimony oxide, which is commonly used as a refining agent, cannot be used because it has an ultraviolet absorption band. In addition, it turned out that it becomes possible to actualize both bubble quality and ultraviolet transmitting property by adding a small amount of iron oxide and making the glass reductive. The transmission of the bubble-free glass sample obtained in this study was 78% at 260 nm, which is not problematic for practical applications.
Introduction
Ultraviolet transmitting glass is used for a variety of purposes, such as components of laser apparatuses, chip components for analysis, and mercury lamp parts. 1) Recently, analyses using ultraviolet light are increasingly conducted in medical and bio-related fields, and so the demand for ultraviolet transmitting glass is growing.
2) Conventionally, the quartz and special glasses are mainly used for ultraviolet transmitting glass, but these glasses are very expensive. In particular, at medical examination departments, containers for examination and analysis are used in a disposable manner, and so it is hoped that an inexpensive ultraviolet-transmitting glass will be developed.
We have studied the possibility of an ultraviolet-transmitting glass composed of soda lime glass that is one of inexpensive glasses and does not contain harmful elements such as lead, barium, and arsenic. In the results, it was found that the addition of chlorine effectively reduces non-bridging oxygen, which is a key factor in the absorption of ultraviolet light, and that transition metal oxides, especially iron oxide, contained in the glass as impurities cause the absorption of ultraviolet light. [3] [4] [5] [6] [7] [8] However, it was also found that as the amount of iron oxide decreases, the number of bubbles in the glass increases. The bubbles contained in the glass scatter light and so become fatal defects for practical applications.
In this circumstance, we have investigated whether or not it is possible to decrease the number of bubbles, which had been augmented through a reduction in iron oxide, while maintaining a high ultraviolet transmitting property. So, we have delved into the effects of the addition of antimony oxide, which is a representative refining agent (agent for removing bubbles), on the ultraviolet transmitting property. Some papers report the property of antimony ion and antimony oxide in special glass as optical glass fiber. 9, 10) However, there is no paper written for detailed optical property of antimony in the soda-lime glass. So we evaluated detailed optical property of antimony in the soda-lime glass. And the bubble-reducing effect of the oxygen that is generated from iron oxide during glass melt after making the glass reductive by carbon addition.
Experimental Method
2.1 Glass composition and main materials: silica, iron oxide, and antimony oxide Table 1 shows glass composition used in this study. This is popular soda-lime glass composition.
Because silica with very low impurity levels is suited for this experiment, we used a high-purity silica named Hi-Silica SH-100M, produced by Nitchitsu Co., Ltd., and trivalent iron oxide and trivalent antimony oxide, which are commonly used as glass materials. As other materials, special grade chemicals were mixed. A general soda lime composition was selected as the matrix glass composition. Antimony oxide and iron oxide were added to this matrix composition. Table 2 shows the composition of additional antimony oxide to matrix glass. And Table 3 shows the composition of additional iron oxide and carbon to matrix glass.
Sample production
The samples were dissolved using a Super Burn Furnace (produced by Motoyama Co., Ltd.). Platinum crucibles and platinum-rhodium alloy crucibles were used. The samples were melted for two hours at 1743 K, and cast and molded into plate form. Immediately after that, the samples were placed in a slow-cooling furnace for one hour at 1073 K and cooled to room temperature at a rate of 100 K/h. Generally it is known that antimony oxide is effective as refining agent on 11) But in this study, melting temperature is high as 1743 K because pure silica sand is not easy to melt in such a low temperature. In experiment of iron oxide and carbon, one hour and four hour melting samples were prepared for observing condition of refining because iron oxide is not more effective than antimony oxide. Figure 1 shows a sample that has been cut and polished after casting to the plate form, to form it into a 10-mm cube.
Measurement of characteristics
1 mm-thick plate (10 mm Â 10 mm) was cut from the sample shown in Fig. 1 , and its surface underwent optical polishing to prepare the sample for measuring ultraviolet transmittance. The measurement of transmittance was conducted in the wavelength range of 240 nm to 300 nm. Losses due to reflection on the front and back surfaces were both about 4%. For the measurement, the spectral transmittance measuring device UV-3100PC, MPC-3100 (produced by Shimadzu Corporation) was adopted. At the same time, the number of bubbles contained in the glass was measured.
Results and Discussion

The effects of antimony oxide
As represented by the photograph in Fig. 2 , it was found that as the additive amount of antimony oxide increases, the number of bubbles decreases, and when the additive amount exceeds a certain amount, the decrease in bubbles comes to a halt. This is considered to be due to the fact that when the temperature of molten glass exceeds 1300 C, the reaction
' occurs, and the generated oxygen absorbs the carbon dioxide and sulfuric acid gas from the other materials and emerges on the surface of the molten glass, removing bubbles. 12, 13) In this study, ultraviolet transmittance was measured, after adding 0 to 0.05 mole percent (practical range) of antimony oxide. The results are shown in Fig. 3 . It was found that as the additive amount of antimony oxide increases, the transmittance decreases significantly in the wavelength range below 320 nm. In the wavelength range above 320 nm, there was no significant decrease in the transmittance. It was known trivalent antimony ion and pentavalent antimony have absorption peak in 250-270 nm. 14) However, in soda-lime glass transmittance curve in 250-270 nm is broad and there is no absorption peak.
In addition, with regard to the wavelength of 260 nm, which is often used in the bio-related field, Figure 4 shows the relation between the additive amount of antimony oxide and transmittance. The line in the figure is an approximate line obtained by the least-squares method. It can be seen that most plotted dots are located on this approximate line. When the correlation coefficient between the amount of antimony oxide added and the transmittance at 260 nm was calculated, a value of À0:98 was obtained. Correlation is maximized when the absolute value of the correlation coefficient is one. The value 0.98 indicates extremely strong correlation. This clarified that in soda-lime glass antimony oxide has a characteristic broad absorption band in the ultraviolet range. With regard to antimony, pentavalent antimony oxide transfer to trivalent antimony oxide, O 2 bubbles and oxygen radical. 10) This oxygen radical absorbs ultraviolet rays. Antimony oxide is effective as a refining agent, but it can be said to be inappropriate for glass that needs ultraviolet transmitting capability.
3.2 Additive amount of iron oxide, bubbles inside glass, and ultraviolet transmitting capability As shown in Fig. 5 , these experiments clarified that when the additive amount of iron oxide is changed without altering the redox status of the other glass materials, ultraviolet transmittance decreases as the amount of iron oxide increases. In addition, among iron oxides, trivalent iron ions have a strong absorption band in the ultraviolet range. [5] [6] [7] By modifying the redox level of the glass material, it is possible to adjust the equilibrium of iron oxide inside the glass. ''Fe 2 O 3 , 2FeO þ 1/2O 2 '' It is considered effective to make materials reductive and put the equilibrium of iron oxide to the FeO side, in order to improve transmittance. At the same time, as oxygen, which has been generated after putting equilibrium to the divalent iron oxide side, absorbs the other gases that cause bubbles, bubble volume increases, and the bubbles ascend to the surface of the molten glass due to buoyancy and burst and disappear.
In this study, we shifted the equilibrium of iron oxide to the reduction side by adding carbon. Figure 6 shows the relation between the additive amount of carbon per 400 g of glass material and transmittance. The glass used in this experiment contained 20 ppm of iron oxide. As can be seen in Fig. 6 , the equilibrium of iron oxide was shifted to the FeO side after the addition of carbon, and so ultraviolet absorption by Fe 2 O 3 decreased, and the ultraviolet transmittance was improved.
Some samples with different amounts of iron oxide and carbon were prepared, and the bubbles inside these samples were observed with an optical microscope at 40-fold magnification, and the number of bubbles per gram was measured. The results are shown in Table 4 . In this experiment, it was observed that the number of bubbles was small in samples that contained large amounts of iron oxide and carbon, and that when the sample was dissolved with the additive amount of iron oxide being 20 ppm and the additive amount of carbon being 0.06%, bubble-free glass was obtained. In addition, it was found that the transmittance of this sample at 260 nm was about 78%, which is satisfactory for practical applications.
Conclusion
In order to develop a soda lime glass that has high ultraviolet transmittance, a method for removing bubbles from the glass was studied, and the following results were obtained:
(1) It was found that antimony oxide, which is commonly used as a refining agent, cannot be used for glass that requires ultraviolet transmittance, because it has an ultraviolet absorption band. (2) It was found that it is possible to improve both bubble quality and ultraviolet transmittance by adding a small amount of iron oxide and making it reductive. The transmittance of the bubble-free sample obtained by this study was about 78% at 260 nm. This value is satisfactory for practical applications. 
